Background: We investigated the relationship between peak expiratory flow (PEF), age and standing height in 2785 Japanese volunteers (1047 males), aged 15-84 years, who had never smoked and who satisfied other strict criteria of normality. Many reports of regression equations for PEF by country and ethnicity are prepared using Wright or mini-Wright PEF meters, which have been calibrated by human subjects. Yet, no study has been performed in any country to determine the reference values of PEF on the American Thoracic Society (ATS) scale, which is calibrated by a computerdriven mechanical pump. Methods: Peak expiratory flow was measured with mini-Wright meters calibrated on the Wright scale. All subjects were taught how to perform a forced expiratory maneuver: the highest of three PEF values was recorded and standing height was measured. The Miles equation was used to convert mini-Wright PEF values (traditional scale) to values using the new 'mechanical' PEF, which the ATS has recommended (ATS scale). In the analysis of the data, a model based on age, age squared and age cubed was used to derive curvilinear regression equations for PEF on age and standing height for each sex. Results: There was adequate representation of subjects of each sex at all ages to 74 years. Curves plotted from the regression equations rose during adolescence and early adulthood, reached maximum values at 35 years in males and 40 years in females and then declined in an approximately linear manner. For both sexes, standing height fell progressively with increasing age. Conclusions: From the regression equations, predicted values of PEF can be derived for any Japanese adult aged 15-74 years. We were able to obtain predicted equations for PEF in normal Japanese adults using both the Wright and ATS scales. Direct comparison of our regressions with those reported in other populations was limited by differences in methodology and analysis. In comparable studies of Chinese and Indian populations, the PEF values in those studies were appreciably lower than ours. Our regressions were remarkably similar to those reported in a study of British subjects that used virtually identical entry criteria and methods.
INTRODUCTION
Measurement of peak expiratory flow (PEF) by hand-held meters is widely used in clinical practice to detect and monitor airflow limitation and in epidemiologic research to investigate the influence of various factors on ventilatory capacity. However, prior to 1995 there was no reliable knowledge about the values of PEF in healthy Japanese adults. Because clinical practice often requires assessment of an observed value by comparing it with the mean level attainable by normal individuals of the same sex, age and stature, the Japanese Ministry of Health and Welfare commisioned a multicenter study 1, 2 of normal men and women in order to provide reference values for prediction of PEF.
The findings of that study were reported in 1995 in a Japanese language publication, 1,2 but the report contained only brief notes and a summary in English. Therefore, in the present paper we give a detailed description of our methods and results, paying particular attention to the effect on ventilatory capacity of the low ratio of leg to trunk length, which has long been recognized to be a characteristic of the Japanese race. 3, 4 Because racial factors [5] [6] [7] [8] [9] are known to influence ventilatory capacity, we examined our regressions for PEF on age and height in light of those reported for Chinese, Indians and Caucasians, although, for reasons that will be discussed, it was impossible to make direct comparisons in the majority of cases.
Approval of the study was given by the Ethics Committee of the Comprehensive Research Project on Allergy, under the auspices of the Japanese Ministry of Health and Welfare.
METHODS
The present study was performed in five cities and their neighborhoods, namely Kagoshima, Kumagaya, Morioka, Niigata and Sayama, which were chosen because of their relatively low levels of air pollution compared with many other cities in Japan,
We defined a normal subject as one who had never smoked, had no respiratory or cardiac disease, had never been liable to wheeze and had only very occasionally expectorated. Subjects, aged from 15 to 84 years, who satisfied these criteria were identified among doctors, paramedical workers, hospital administrative and clerical staff, students at high schools and universities, and people attending medical centers for routine health checks. If an otherwise normal subject had an acute respiratory infection during the previous 2 months, he or she was excluded from the study.
All subjects were given a full explanation of the nature and purpose of the study and consent was recorded for all those who agreed to participate. The correct manner of performing a forced expiratory maneuver was demonstrated to each subject, who was then given an opportunity to make several practice attempts until he or she had mastered the technique. The PEF measurements were performed from 10.00 to 16.00 h.
Three hundred new mini-Wright meters 10 calibrated on the original Wright scale introduced in 1959 by Wright and McKerrow 11 were used, their accuracy having been verified by the manufacturers (Clement Clarke International, Harlow, UK) to ensure that intra-and interinstrument variation did not exceed 5%. The number of measurements in practice using one mini-Wright PEF meter was limited to under 50. The highest value of three technically satisfactory maneuvers, measured to the nearest 5 L/min, was recorded as the subject's PER. Standing height without shoes was measured to the nearest cm.
Actual measured PEF values by mini-Wright (Wright scale) were converted to readings of the American Thoracic Society (ATS) scale by the following equation: 12, 13 True PEF = 0.0009 × PEF 2 + 0.37306 × PEF + 47.4
Multiple regression analysis was performed on the data for each sex. The method of least squares analysis was used to determine regression equations for PEF on age and standing height. Those equations that gave the best fit with the data for both sexes were curvilinear. Comparisons were made with the regressions, whether linear or curvilinear, reported in studies of Chinese, Indian and Caucasian populations.
RESULTS
The majority of the 1047 male and 1738 female volunteers were of socio-economically middle-class or professional status.
More than half of males, but only one-quarter of the females, were aged less than 25 years. There was a predominance of females at all ages over 34 years (Table 1) . Despite this uneven age-sex distribution, there was adequate representation of all ages up to 74 years for both sexes.
A progressive reduction of standing height with increase in age was found for both sexes: differences in mean standing height between the youngest and oldest age groups were 17.3 cm in males and 12.3 cm in females (Table 1) . It was clear from inspection of the data that the relationship between PEF and standing height was linear, but with a very wide scatter, whereas the relationship between PEF and age was curvilinear ( Fig. 1 ).
Four factors were found to contribute significantly to a mathematical model describing the regression of PEF on age and height, these being age, age 2 , age 3 and standing height. The equations that gave the best fit for each sex are given in Table 2 . The actual predicted values that were derived using these equations are given in Table 3 . When the Wright scale PEF values obtained using the conversion equation of Miles et al. 13 were converted to ATS values, predicted PEF values showed almost similar readings for males but predicted PEF values by the Wright scale in females showed readings approximately 50 L/min higher than those of the ATS scales ( Fig. 2 ). Regressions derived from these equations are plotted with their lower 95% confidence limits in Fig. 3 (Wright scale), standing height having been standardized to 170 cm in males and 160 cm in females. Peak expiratory flow rose, somewhat more steeply in males than in females, during adolescence and early adulthood, reached a plateau at approximately 35 years in males and 40 years in females and then declined at gradients of 3.3 and 5.0 L/min per year, respectively. An increase of 5 cm in standing height was associated with differences of 16.1 L/min in males and 14.0 L/min in females.
In comparison with the above data, our findings suggest that ventilatory capacity in normal Japanese adults, when measured by PEF, is higher than that in Chinese 9 and Indians 9 of corresponding sex, age and standing height, but almost the same as that reported in a British study 32 whose entry criteria and methods were virtually identical to our own (Figs 4,5).
DISCUSSION
To identify impairment of ventilatory capacity, observed values of PEF or of other tests using forced expiration must be assessed against reference values that have been obtained from subjects whose airways are themselves truly normal. It has long been known that current or ex-smokers who deny having ever had symptoms may, nevertheless, have statistically, although not necessarily clinically, significant reduction of PEF. [14] [15] [16] Therefore, we studied subjects who had never smoked or, so far as could be ascertained, had never had any lower respiratory disease that may have caused structural or functional impairment of ventilatory capacity. To eliminate, so far as possible, the effects of exposure to atmospheric pollutants, the study was performed in or around five cities whose levels of pollution were considerably lower than in many cities of Japan. We could not estimate whether there was significant difference between the PEF values of subjects of the present study and those of healthy normal residents of bigger cities.
In 1995, the ATS advocated a different scale for the calibration of PEF. 17 Known as the ATS scale, it was derived from flows generated by a computerized test rig 18 and it differs considerably from the Wright scale. For clinical purposes, manufacturers issue charts for the interconversion of values.
The ATS scale is incorporated in most hand-held meters using the variable orifice principle that are marketed in Japan and other countries and, now, except in Britain, it is also used in mini-Wright meters. As yet, opinion is divided concerning the assertion made about the greater accuracy of the ATS scale than the Wright scale with respect to its correspondence with bronchial airflow. 13, 19 Our decision to use meters calibrated on the Wright scale was made for two reasons. One of the objectives was to compare our findings in Japanese subjects with those reported in other races but, as yet, no study has 104 K TSUKIOKA ET AL. 13 we considered that by doing so we could also prepare a standard range of PEF values in healthy Japanese subjects using the ATS scale. Quality control of the PEF meter is necessary when it is used for a long time or the accuracy and reproducibility of the meter will be changed. 20 Shapiro et al. 21 reported that a mini-Wright meter deteriorated after 200 uses and worsened further after extensive use but, in contrast, Obata et al. 22 reported that a mini-Wright meter showed no significant difference in values, accuracy, reproducibility or interdevice variability before and after it had been used 1000 times. Whichever the case, in the present study, because we only used the mini-Wright meters less than 50 times, any effect of repeated use would be minimal.
Circadian variation in PEF is well known in both normal subjects and asthmatics. In general, PEF is highest in the daytime and lowest in the early morning. [23] [24] [25] Therefore, we performed measurements between 10.00 and 16.00 h, when the influence of the circadian variation would be extremely small. Seasonal variation of PEF may exist in asthmatics. The present study was performed from August to the end of March. However, we were unable to find any significant seasonal changes in PEF values in healthy normal adults. 26 This finding supports the premise that the results of the present study have not been affected by season.
There are some reports about the predictive equations on PEF in normal Japanese subjects. Hanamoto et al. 27 reported equations developed using a spirometer based on measurements from 172 subjects, including smokers. Kawane et al. 28 reported linear regressions developed using mini-Wright meters based on measurements from 272 non-smoking subjects. In 1993, the Japanese Society of Thoracic Diseases reported the curvilinear regression equations for PEF on age and height developed using a spirometer based on measurements from 106 K TSUKIOKA ET AL. 226 non-smoking subject. 29 However, in reality, the equations were almost all linear and show a significant difference with our equations. The normal range of PEF of 6-18-year-old Japanese subjects has been reported by us recently. 30 Standing height is used as an index of stature in nearly all regression equations of ventilatory capacity. In our subjects, it was greater in the youngest than in the oldest subjects for both sexes. This is consistent with a trend that has been observed during the past 50 years in Japan and in Japanese migrants to the US. 3, 4 In contrast, sitting height, which has traditionally been measured in Japanese anthropometric research, has hardly increased during this period, indicating that the greater tallness of the younger cohorts must be due to increased growth of their legs.
The wide scatter of values of PEF at all ages suggests that standing height per se has only an indirect influence on ventilatory capacity. It is now recognized that the principal factors determining ventilatory capacity in normal subjects are lung volume, elastic recoil and the strength of the respiratory muscles. 8 Moreover, differences in lung volume are now considered to be the main factor underlying differences of ventilatory capacity between populations of different racial origins. 8, 9 If the height of Japanese subjects or the degree of atmospheric pollution increases to a marked extent, we will have to re-estimate the predicted equations of PEF for Japanese subjects.
The mathematical model we used to derive curvilinear regressions included the factors of age, age squared and age cubed, whereas in some other studies, [31] [32] [33] exponential logarithmic equations have been used, However, Nunn and Gregg 32 found that application of either model to their data gave almost identical regressions.
From the reference values derived from our regression equations, a predicted value of PEF can be obtained for any Japanese male or female of given standing height between the ages of 15 and 74 years. Because we measured only 28 subjects aged over 75 years, and this is not a sufficient number to obtain accurate averages, equations will be available only for those subjects aged under 74 years.
An observed value falling outside the lower 95% confidence limit should be regarded as abnormal. The lower 95% confidence limit was the equivalent of 16.2% (in males) and 18.3% (in females) of each gender's predicted value in the Wright scale: 15.0% (in males) and 20.5% (in females) in the ATS scale.
As has been reported in other studies, [34] [35] [36] [37] [38] [39] the statistical or physiologic justification for regarding a reading of 20% less than mean predicted in adults as a lower limit of 'normal' does not exist. The percentage predicted, or the best value of PEF attained by a subject, could, therefore, be used to classify asthma into mild, moderate and severe categories. 40, 41 In adult subjects, the scatter around the predicted mean value is independent of the mean; this lack of proportionality means that results cannot be expressed as a percentage of predicted. [34] [35] [36] [37] [38] [39] However, in children and adolescents, evidence exists that the scatter is proportional to the mean, so that, in this age range, observed values as a percentage of predicted mean can be justifiably expressed. 42 Many investigators 5, 6, 43, 44 have reported that PEF and forced expiratory volumes in healthy subjects are highest in Caucasians, intermediate in Orientals and lowest in Africans and African Americans. While these racial differences must be partly genetic in origin, ventilatory capacity can also be influenced by environmental factors, notably nutrition 4 and indoor exposure to fumes from cooking. 45 When comparing the findings of ventilatory capacity in different populations, all aspects of the methodology of the studies must be as nearly identical as possible, including entry criteria (with respect to previous respiratory disease and smoking habit), the form of regression equation used (linear or curvilinear) and the instruments used for measuring PEF (or forced expiratory volumes). Values of PEF measured by rolling seal or wedge spirometers, pneumotachometers or meters incorporating turbines should not be compared with those measured by handheld, variable orifice peak flow meters. 17 Although unfulfillment in one or more of these respects precluded direct comparison between our regressions and those reported by many other researchers, we examined the findings made in nine other studies (Table 4 ).
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Caucasions
The team 'Caucasian' is applied to subjects of European ancestry, regardless of their present habitat. The regressions found in two studies have been widely used as reference values of PEF in adults, but they differ substantially from one another. In 1983, a Working Party of the European Community of Coal and Steel (ECCS) published linear regressions that had been derived by meta-analysis of 12 studies in Europe and North America. 34 Subsequently, the European Respiratory Society (ERS) adopted the ECCS regressions as reference values, 35 notwithstanding that most of the component studies had included smokers and in only half had PEF been measured by hand-held meters. Therefore, the ECCS regressions are not comparable with our own, nor can any inferences be drawn concerning racial differences.
The regressions published by Nunn and Gregg, 32 and recently considered by a Working Party of the ERS to be closest to meeting its criteria for reference values, 19 were derived from strictly normal subjects in a study whose methodology was virtually identical to our own. After standardization of the standing heights of the Japanese and British subjects to 170 cm in males and 160 cm in females, the regression curves of the two races were remarkably similar: the largest difference between them for either sex was only 30 L/min. The only salient difference between the present study and that of Nunn and Gregg was our use of mini-Wright meters and the use of the original type of meter introduced by Wright and McKerrow. 11 Opinions have differed over the closeness of agreement between the two types of meter, 31,46-48 but any differences in values are probably little greater than those between individual mini-Wright meters.
Japanese Americans
Several studies have been made of ventilatory capacity in Japanese migrants in Hawaii and California. In only one study 4 were measurements made of PEF, but these were made by spirometry Furthermore, the findings were expressed as a linear regression and, hence, are not comparable with our own findings.
Chinese
A study of Chinese people in Hong Kong 43 reported curvilinear regressions that were much lower than ours, particularly in the older age range. It is unclear what proportion may have had arrested tuberculosis (causing distortion or damage in the bronchi), nor whether the steep descent of the regression in males was due to many of them being heavy smokers. In a study by Hou et al. 9 of non-smokers in Canton, the instrument used to measure PEF was not specified. On the limited evidence available, it would seem that values of PEF in normal Chinese are lower than in Japanese.
Indians
India was one of the earliest developing countries to use peak flow meters in clinical practice and epidemiologic research. Moreover, in several studies, 33, 44, 49 the exclusion of current and ex-smokers and expression of the findings of PEF as curvilinear regressions permits direct comparisons to be made with our findings. It is evident in Fig. 5 that the regressions reported in Indians are much lower than those found in the Japanese. There was little difference between the regressions of inhabitants of the Punjab in the north of the subcontinent 44 and in racially distinct Tamils of Dravidian origin in the south, 33 yet a clear difference was found between teachers and the general population in the Punjab, 44, 49 the higher values of the former being probably due to better nutrition and less exposure to noxious environmental agents. The male residents of west India (Calcutta) show higher PEF values than those of other districts of the country. 50 This report contains the results that we issued in Allergy, the official journal of the Japanese Society of Allergology, in 1996. 2 In 1996, we measured PEF in 2785 healthy Japanese volunteers with four different types of PEF meter (e.g. mini-Wright, Assess, Personal-Best and Vitalograph). As a result of comparing PEF as measured by the four meters in the same subjects over a short period of time, we stressed that the equation for prediction of PEF should account for the variable in gender and the type of PEF meter used. The aim of the present report is to bring about the adoption of the prediction equation of PEF measured by mini-Wright PEF meter as a Japanese standard range of PEF and to compare it with those of previously published works.
